Introduction
As illustrated in Figure 1 , CNTs can be thought of being made by rolling up a single atomic layer of graphite to form a seamless cylinder. The resulting structure is called single-walled carbon nanotube (SWCNT). If several SWCNTs with varying diameter are nested concentrically inside one another, the resulting structure is called a multi-walled carbon nanotube (MWCNT). The wave function of the electrons around the circumference is quantized leading to 1 -dimensional conductors which can be metallic or semiconducting, depending on how the tubes are rolled up. The semiconducting tubes have a I diameter dependent energy gap which roughly scales as 0.9eV/d [nm] [I] . The semiconducting CNTs can be used to fabricate efficient transistors, as shown by our group by prototyping the first nanotube power transistor that can deliver currents in the milliampere regime [Z] . Metallic tubes are ldimensional metals with a Fermi velocity vp that equals metals (vp = 9.IO7cm/s) and an electron mean free path I , , for the electrons of at least 1 pm. However, due to the low density of states, the resistivity is only of the order of that of the best metals (-1 pRcm) despite the huge mean free path. The conductance of an ideal ballistic nanotube is 4e2h = 155 pS, or about 6.5 kR. Additional series resistances needs to be added 
Resistance and Current density
For the implementation as fume interconnects, CNTs have to fulfill the requirements of high current carrying capability and resistances comparable to or better than copper in vias or tungsten in contact holes. As shown in Table I , CNTs can withstand current densities up to 10" Alcm2, exceeding cop-
per by a factor of 1000. With respect to resistance, CNTs are favorable in high aspect ratio structure like vias, where also the highest current densities are expected. Figure 3 gives a rough estimate for obtainable resistances for CNTs as compared to copper. The resistance of cylindrical via bas been calculated by assuming a length independent conductance of 4e2h for each CNT shell and the size dependent resistivity of copper [4] . Depending on the diameter, a via can be filled with a single MWCNT2 a densely packed Of MWCNTs or densely packed arrays of SWCNTs (See Figure 2) , which would give the lowest resistance. Additional doping of the CNTs can lower the curves for MWCNTs by at least a factor of 0.5 because higher sub-bands can contribute to the conductance [6].
Integration of carbon nanotubes
A catalyst particle which facilitates the growth and determines the diameter of the CNT is usually required to grow CNTs, although there have been some reports of catalyst free formation of CNTs by microwave and template assisted growth
Filling via structures with nanotuhes requires one ore more particles at the bottom of the via which then allow CNT growth by chemical vapor deposition (CVD) at 450-800°C with a .c.arhon containing gas. The CVD process can be supported by plasma enhancement (PECVD) and bias voltage [9] . The catalyst material (Fe, Ni, CO or combinations of them with MO) is usually deposited as a thin film by physical vapor deposition (PVD) or from solutions. Particle formation occurs during the heating step, which breaks up the thin film into clusters. Ion bombardment in plasmas supports this particle formation. Careful material and interface design in combination with low temperature budget and time dependent difision phenomena, needs to be taken into account to guarantee CNT growth [9] . The interaction between catalyst layer and supporting metal electrode needs to he low, in order to suppress interdiffusion and allow particle formation in the restricted temperature regime. Metals with a natural thin oxide layer (Ta, AI, Ti, Cu, Cr) show low wetting behavior for some catalyst materials and are therefore suitable as electrode materials. .
The quality of uanotubes
The quality of the grown CNTs determines the conductivity of tube. and depends on .the number of shells, their parallelism with the CNT axis (See Figure 4 and Fieure 5 ) and oossible perfect smcture especially when they are grown below 650°C [9] . Their resistivity can be described by a model (See Figure  4) that also applies for carbon fibers and is typically in the range of 4 mncm [lo] . The carriers have to hop from shell to shell which reduces the conductivity tremendously because the conductivity along the c-axis (from shell to shell) is a factor of 1000 smaller than the in-shell conductivity. Ballistic transport can only he expected with well aligned shells. For a given diameter, the conductivity increases with the number of participating shells [3, 1 I] . Therefore, the hollow space within the tube should he reduced to a minimum.
Integration schemes
Currently two different approaches have been investigated by three groups. Li et al.
[12] have proposed a so called bottomup approach, shown in Figure 6 . Here, the CNT via is grown on the metal 1 layer before the deposition of the inter-metal dielectric (IMD). Lithographically defined nickel spots act as catalyst particles, from where carbon fibers are grown. As a prerequisite, the fibers need to be aligned perpendicular to the surface. This is achieved by PECVD and an applied bias voltage, which aligns the fibers almost perpendicular to the wafer. MWCNT [3] . In order to manage the via etch stop on a -2 nm catalyst layer, a catalyst multilayer stack has been developed, which allows proper landing on the catalyst layer with reliable . .
. . with chemical wafer polishing (CMP). The last step also growth of MWCNTs with a Ioos 1000/pm2. Figure 9 gives an example of a densely filled 400 nm diameter MWCNT via. varying opens the nanotuhe ends for contacts with metal 2 layer. A very high resistance of -300 kR per CNT interconnect has been evaluated for that approach, which may he attributed to the imperfect structure of PECVD grown MWCNTs. The approach is especially suited for single MWCNT fillings because high density growth could not be demonstrated. In addition, this approach can also he used to create high aspect ratio capacitor electrodes for DRAM applications. The more conventional approach of etching the vias down to metal 1 layer and growing the CNTs in these vias (See Figure  6 (b)) has been undertaken by Nihei et al. and OUI group. Nihei et al. have used a buried catalyst approach, where the dryetching of the via has to stop on the thin Ni-or Co-catalyst layer [13] . Arrays of MWCNTs have been grown in -2pm diameter vias by hot-filament CVD (HF-CVD). A resistance of -134 kR per MWCNT has been achieved, a value which again can he attributed to the quality of the tubes grown by HF-CVD. In contrast, we have used a pure CVD approach to grow high quality tubes in vias exhibiting resistances of -10 w2 per Nanotube interconnects for the 20 nm node W T interconnects for the 20 nm node have been fabricated, using the buried catalyst approach, a5 shown in Fig. 7(b) [14, 151. The procedure, dimensions and resulting MWCNT via is shown in Figure 8 . A catalyst layer consisting of a triple stack of (3 nm Fe, 5nm Ta) has been deposited on metal 1 prior to the deposition of 150-200 nm SiO,. Electron beam lithography in combination with a hard mask technique has been used to define the vias. The 20 nm diameter vias have been etched in an MERlE reactor. Subsequently, MWCNTs have been grown by CVD at 450-700OC. The quality and yield of the CNT-vias rises with growth temperature. In the temperature regime below 550°C, only low quality CNTs, such as shown in Fig. S(a) , can be grown. Before deposition of the top contact (metal 2 layer), the MWCNTs have been encapsulated by a -20 nm thin Si02 either by spin-on-glass or PECVD deposition. The end of the MWCNT is revealed again by removing excess SiOz by CMP or a back etch. This step prevents metallic whisker formation during top contact preparation which may affect the resistance measurements. Figure 9 gives an example of the reproducibility of this approach. Various metals such as titanium, palladium and tungsten have been used as a top contact and the achievable resistances examined. The measurements show that an annealing step is required to yield the lowest possible resistance as shown in Figure 10 . Here, the I(V)-curve of a MWCNT contacted with tungsten is shown after a final annealing step at 850°C. The drastic change in resistance can he attributed to the improvement of the boitom and top runtact by annealing in a reducing atmosphcrc. A statistical comparison of top contacts made of Pd and Ti in Figurc I I demonstIates better top contacts for Pd The overill resistance alter anncliling is still govcmed by the ability to coniilct all shells 'l'hi, again is related to the details of the back etch or CMP processes, which are used to planarbe thc wafer. Proper contacts can reduce the rcsislance 10 about 120 <I pn [ I I] . _ .
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In summary, the measured current densities of 5.10' Ncm' in these MWCNT vias exceed already the achievable values for metals, whereas the obtained resistance of 7.8 kn still has to be lowered by 2 orders of magnitude to compare with theoretical values for copper.
